Genomic research has identified a quantitative trait locus for uterine capacity, a component trait contributing to litter size, on porcine chromosome 8. The epidermal growth factor (EGF) gene, on porcine chromosome 8, may influence uterine capacity because of its growth-promoting activities. Using reverse transcription-polymerase chain reaction (PCR) and iterative screening of a porcine reproductive tissue cDNA library, 4932 bp cDNA sequence coding for porcine EGF precursor was obtained. The predicted protein sequence of the EGF precursor contained 1214 amino acids, similar to human EGF precursor (1207 amino acids, 81% identity). Curiously, the sequence of the mature peptide was less homologous between species than other regions of EGF precursor. The presence of conserved regions outside the mature peptide may suggest that these regions are functionally important. Expression of EGF mRNA in the endometrium of White crossbred gilts (n ϭ 3 to 5 each) was determined by Northern blotting using 20 g of total RNA from endometrium of D 10, 13, and 15 cyclic, and D 10, 13, 15, 20, 30, and 40 of pregnant gilts. A 3342 bp probe from EGF precursor was used. The bands corresponding to EGF mRNA were quantified by densitometry and results were analyzed by ANOVA. EGF mRNA expression decreased significantly from D 13 to 15 of the cycle and pregnancy (P ϭ 0.04), and from D 30 to 40 of pregnancy (P ϭ 0.01). These findings show that EGF mRNA expression is temporally regulated during the cycle and early pregnancy, and this pattern of gene expression may be important during early conceptus development.
Introduction
Epidermal growth factor (EGF) is a 53-amino acid polypeptide that has been reported to stimulate epithelial cell growth. EGF and EGF receptor mRNA expression have been shown in the porcine conceptus by reverse transcription-PCR (RT-PCR) [1] . In the endometrium, EGF mRNA expression has been shown by RT-PCR to be higher on D 6 than D 1 of cyclic and pregnant pigs [2] . The presence of EGF protein in uterine fluid [3] and of EGF receptors in endometrium [4] has also been reported. These data suggest a role for EGF in the development of porcine conceptus and endometrium.
Uterine capacity is a component trait contributing to litter size in swine [5] , and direct selection for uterine capacity has significantly increased uterine capacity and associated farrowing traits in swine [6, 7] . A quantitative trait locus (QTL) for uterine capacity was identified on the long arm of chromosome 8 near 71 cM [8] . This region is near the known location of the gene for EGF precursor [9] . Thus, because of its location and its potential effect on conceptus or endometrial growth, EGF gene is a candidate for the previously reported uterine capacity QTL on chromosome 8.
Partial genomic and cDNA sequences of porcine EGF precursor [10, 11] , including the coding region of the mature protein, have been reported. However, the entire coding region of the porcine EGF precursor has not been cloned. Furthermore, relative expression of EGF mRNA has not been well characterized during trophoblast elongation, implantation, and early development of the placenta (D 10 to D 40). As a first step in determining whether EGF is the gene responsible for the uterine capacity QTL, the objectives of this study were to clone the full length cDNA for EGF precursor and determine changes in expression in EGF mRNA during early pregnancy.
Materials and methods

Cloning of the porcine EGF precursor cDNA
The cloning strategy and clones of pig EGF precursor obtained in this experiment are illustrated schematically in Fig. 1 . From uterine endometrium of D 13 and D 30 pregnant gilts, total RNA was isolated using the RNeasy kit (Qiagen, Santa Clarita, CA). The list of forward and reverse primers at different cloning stages is indicated in Table 1 . To obtain the initial clone, 2 g of total RNA was used for reverse-transcription (RT) with reverse primer 2, and then 1 l of the resultant product was amplified by PCR with all combinations of the forward and reverse primers for the initial clone. Primer design was based on the known porcine cDNA sequence [11] . A 327 bp PCR product amplified with forward primer 2 and reverse primer 2 was cloned into pCRII vector (Invitrogen, Carlsbad, CA) as the initial clone and was subsequently sequenced. Forward primer 2 and reverse primer 2, based on the initial clone sequence, were used to screen the "Meat Animal Research Center 2 PIG" porcine expressed sequence tag (EST) library (Fahrenkrug et al., manuscript in preparation). Iterative screening of the EST library revealed a partial 3342 bp EGF precursor clone containing the 3Ј end of the EGF cDNA. A part of the missing 5Ј region of the EGF cDNA was obtained by RT-PCR. Total RNA (2 g) was used for RT with reverse primer 1. Then, 1 l of the resultant product was amplified by PCR with the combination of four forward primers (forward primer 3-6) based on the human EGF cDNA sequence and two reverse primers (reverse primer 3-4) based on the porcine EGF cDNA sequence. The 1066 bp product obtained after amplification with forward primer 5 and reverse primer 3 was cloned into pCRII vector and sequenced. This clone encoded for amino acids 37-391. The remaining 5Ј region was obtained by 5Ј rapid amplification of cDNA ends (RACE) following a previously reported procedure [12] . All combinations of the forward (XBAcom and forward primer 7) and reverse primers (reverse primer 5-8) were used for PCR. Forward primer 7 and reverse primers 5 and 6 were designed based on the human sequence, and reverse primer 7 and 8 were designed based on the porcine sequence. The resulting products were then further amplified by PCR with forward primer 7 and reverse primer 8. The resultant 739 bp product was cloned into pCRII vector. At least three separate clones for each cDNA were sequenced in both directions. Finally, the full-length clone was obtained by RT-PCR using primers for preproEGF, which were designed to amplify the entire coding region. Again, total RNA (2 g) was used for RT with reverse primer 9. Then 1 l of the resultant product was amplified by PCR with the combination of forward primers 8 and 9, and reverse primers 9 and 10, designed based on the porcine EGF cDNA sequences. The product amplified with forward primer 8 and reverse primer 9 was further amplified with the nested forward and reverse primers. Then the resultant 3937 bp product was cloned into pCRII vector and sequenced. 
Northern blotting
Northern blot analysis was performed using 20 g of total RNA from endometrium of D 10, 13, and 15 cyclic and D 10, 13, 15, 20, 30, and 40 pregnant White crossbred gilts (n ϭ 3 to 5 each). Total RNA was electrophoresed in 1.5% agarose gels prepared in MOPS (3-[N-morpholino] propane-sulfonic acid)/formaldehyde buffer; the gels were then blotted onto Gene Screen membrane (NEN, Life Science Products, Boston, MA). Intactness of RNA and approximately equal gel loading were assessed [13] visually using ethidium bromide stained ribosomal RNA bands (Fig. 4) . Probe was generated by T7 RNA polymerase using the MAXIscript kit (Ambion, Austin, TX) in the presence of [ 32 P]UTP using a 3342-bp partial cDNA clone of EGF precursor obtained from the EST library as the template. Membranes were hybridized with ULTRAhyb (Ambion, Austin, TX) containing 1 ϫ 10 6 cpm radiolabeled probe per milliliter at 65°C overnight. Then the membranes were washed twice with 2ϫ SSC, 0.1% SDS at 65°C, and then with 0.1ϫ SSC, 0.1% SDS at 65°C, and subjected to autoradiography. 
Statistical analysis
Relative expression of EGF precursor mRNA was determined by densitometry and results were analyzed by ANOVA using the General Linear Models procedure of the statistical analysis system (SAS Institute, Inc., Cary, NC). The model included effects of status, day of the cycle or pregnancy, and the status-by-day interaction. However, no effect of status or status-by-day interaction was obtained, so these effects were dropped from the model. Day effects were then more fully evaluated using a set of orthogonal contrasts. 
Results
Cloning of porcine EGF precursor
Nucleotide sequences and predicted amino acid sequences for putative porcine EGF precursor (Genebank Acc. No AF336151) are shown in Fig. 2 . Alignment of the EGF precursor cDNA sequence with the human EGF precursor cDNA sequence indicates that the 5Ј end of the porcine sequence starts at 16 bp of the reported human preproEGF cDNA sequence [14] . It has a long open reading frame of 3642 bp that encodes 1214 amino acids compared to 3621 bp and 1207 amino acids for human EGF precursor and 3651 bp and 1217 amino acids for mouse EGF precursor. The 5Ј and 3Ј untranslated regions (UTR) of cDNA were 438 and 549 bp, respectively. The sequence identity of the 5Ј UTR of porcine EGF precursor with the 5Ј UTR from mouse, rat, and human ranged from 58 to 77%. The sequence identity of 3Ј UTR of EGF precursor cDNA with the 3Ј UTR of the other three species ranged from 62 to 79%. Though conserved among species, multiple sequence alignment showed no consensus region in either the 5Ј UTR or 3Ј UTR except a consensus polyadenylation signal of AATAAA located in the 3Ј UTR 16 bp upstream from the polyA tail.
Percent identities between the amino acid sequences of pig, human [14] , mouse [15] , and rat [16] EGF precursors are shown in Table 2 . Pig EGF precursor sequence is more homologous to human than to either mouse or rat. The encoded amino acid sequence of porcine EGF precursor cDNA is aligned with those of human, mouse, and rat EGF precursors in Fig. 3 . Underlined porcine sequences are the regions first reported in this study, including the 5Ј-UTR, EGF-like modules 1 and 2 (8 nucleotides of EGF-like module 2 were reported previously, [11] ), cytoplasmic domain (4 nucleotides of the cytoplasmic domain were reported previously, [11] ), and 3Ј-UTR with poly A tail. Among the four species, the amino acid identity for the EGF-like module I and II are 66 and 93%, respectively. The mature EGF peptide, as reported previously [10] , is indicated in bold letters. 
Northern blotting
A representative autoradiograph of a Northern blot of endometrial total RNA probed with [ 32 P]labeled EGF cRNA is shown in Fig. 4 along with an ethidium bromide stained agarose gel. Least-square means of densitometry units (Ϯ standard error means) for EGF precursor mRNA in endometrium during the estrous cycle and pregnancy are illustrated in Fig. 4C . EGF mRNA expression decreased significantly from D 13 to 15 (P ϭ 0.04) of the cycle and pregnancy and from D 30 to 40 (P ϭ 0.01) of pregnancy. These findings show that EGF mRNA expression is temporally regulated. 
Discussion
This is the first reported cloning of the full coding region for the porcine EGF precursor. The coding sequence of porcine EGF precursor is most similar to human EGF precursor. It is much less homologous to the rodent EGF sequence as reported previously using partial EGF precursor sequence [11] . Interestingly, amino acids within the mature peptide are not more conserved than the rest of the coding sequence. Highlighting of the altered amino acids on a three-dimensional view of mature human EGF (not shown) indicated that the differences appear to be distributed uniformly over the surface of the peptide. This may reflect the lack of specificity of the EGF receptor, which can be activated by many ligands of the EGF family including transforming growth factor-␣ [17] .
The high amino acid sequence identity in the nonEGF portions of the EGF precursor suggests that these regions may play a role in the processing or function of EGF. The role of nonEGF portions has been speculated based on a comparison between mouse EGF precursor and the human low density lipoprotein (LDL) receptor [18 -20] . The region of the mouse EGF precursor (amino acids 22-392) between the signal peptide and the region homologous to human LDL receptor might constitute the ligand binding domain [14] . The cytoplasmic domain of mouse EGF precursor (amino acids 1058 -1207) might function in receptor mobilization and internalization [14] . However, the lack of conservation of the cytoplasmic domain of EGF precursor argues against this region being functional. The functional significance of these domains in EGF precursor is not clear. EGF precursor has 8 EGF-like modules in addition to EGF [14] . The EGF-like modules may be involved in protein-protein interactions [21] . A subclass of EGF-like modules exhibits the consensus sequence Cys-X-Asp/Asn-X-X-X-X-Tyr/Phe-X-Cys required for the postribosomal hydroxylation of the Asp/Asn residue [22] . Only EGF-like modules 2, 7, and 8 of human EGF precursor contain the consensus sequence for Asp/Asn hydroxylation. All three of these EGF-like modules have a calcium binding site with the consensus sequence of Asp-Ile/ValAsp-Glu. Studies on human clotting factors have also shown that EGF-like modules bind Ca 2ϩ [23] [24] [25] . Synthetic EGF-like module 2 binds Ca 2ϩ with low affinity similar to other isolated EGF-like modules. EGF-like module 7, when part of the intact protein, binds Ca 2ϩ with higher affinity than that of isolated EGF-like modules [22] . Porcine EGF precursor amino acid sequences for EGF-like modules 2, 7, and 8 are conserved in corresponding sites as indicated in Fig. 3 ; thus, the putative Asp/Asn residue hydroxylation sites and potential Ca 2ϩ binding sites are likely to be functional. This is of interest as estradiol secreted by the conceptus stimulates a rapid release of calcium into the uterine lumen [26] at the time of trophoblast elongation on D 12. The interaction of EGF precursor with calcium warrants further study. Seven ATTTA repeat sequences are located in the 3Ј-UTR (compared to four repeats in human and five repeats in mouse and rat). These sequences have been reported to influence the turnover of mRNA [27] . The higher number of ATTTA repeats in porcine sequence may increase the rate of degradation of EGF precursor mRNA. Disruption of one or more of the ATTTA sequences using site directed mitogenesis could help determine whether the ATTTA sequences are involved in the turnover of the mRNA.
Human EGF precursor sequence has nine possible sites for Asn-linked glycosylation and all are located in the region that would be predicted to project from the cell surface if it were anchored in the membrane [14] . Porcine EGF precursor sequence has seven of ten potential sites for Asn-linked glycosylation in corresponding positions, while in the mouse only two of the six sites are in corresponding positions [14] .
Glutamine (amino acid 634) coded by codon CAG in the porcine EGF precursor sequence was obtained from both the EST library and the 3937-bp preproEGF clone, while arginine coded by CGG was reported previously using RNA from Danish Landrace kidney [11] . This possible polymorphism is outside the EGF-like modules. Therefore, it is not likely to change the function of EGF precursor.
Growth factors, including EGF, in the uterine fluid may regulate conceptus or endometrial development during early pregnancy. At the time of trophoblast elongation on D 12, the conceptus secretes estradiol, which stimulates a rapid release of calcium into the uterine lumen [26] . The expression of EGF in mice [28] and EGF receptor in rats [29] are stimulated by estrogens.
Elevated EGF precursor mRNA expression on D 30 and the drop in expression on D 40 of pregnancy are correlated with estradiol concentrations in uterine vein [30] . However, the EGF precursor mRNA expression pattern in this study, which is elevated from D10 to 13 and decreased from D 13 to D 15, is not correlated with the luminal estradiol profiles of either cyclic or pregnant gilts [26] . The role of EGF mRNA expression in endometrial function or conceptus development is not known. Expression of EGF mRNA is high previous to and during conceptus elongation and decreases as elongation nears completion (D 15). Thus, EGF may play a role in conceptus elongation. Between D 30 and D 40 of pregnancy, EGF mRNA expression is associated with placental areolae development. Areolae develop over the openings of the uterine glands between D 30 and D 40, and are responsible for uptake of uterine products. Thus it is possible that the changes in EGF mRNA expression may play a role in some aspects of areolae development. A complicating factor in any proposed role for EGF during this period is that the EGF precursor requires proteolytic processing to generate the mature peptide. EGF precursor has been reported to be cleaved by kallikrein, a serine protease [31] . Both kallikrein gene expression and kallikrein activity have been observed in endometrium in swine [32] . Thus, kallikrein may be involved in the processing of EGF precursor, and processing likely influences the role of EGF in both conceptus and endometrial development. Further study is required to determine how the EGF precursor is processed, how proteolytic enzymes control EGF in the uterine environment, and the role of EGF in conceptus or endometrial development.
Wollenhaupt et al. [2] have shown by RT-PCR that EGF mRNA expression in the endometrium was higher on D 6 than D 1 of cyclic and pregnant pigs by RT-PCR. Because our results do not cover the same period, it is difficult to compare.
In conclusion, the full coding region for the porcine EGF precursor cDNA is reported. The high amino acid sequence identity in the nonEGF portions of the EGF precursor suggests that these regions may play a role in the processing or function of EGF. Northern blot analysis shows that EGF mRNA expression is temporally regulated during the cycle and early pregnancy; this pattern of gene expression may be important during early conceptus development, thus contributing to the uterine capacity.
